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ABSTRACT

A new process called the condensatlion aerosol method for
the production of small, charged aerosol particles has been de-
veloped for use in the electrohydrodynamic energy conversion
process., Usling this concept, several generators may be placed
in series, each one using the same vapor for aerosol formation
as the previous unit. Power densities as high as 30 watts/cm®
of nozzle throat area have been obtalned with a single stage
condensation aerosol type EHD generator.

Studies of the aerodynamic behavior of the EHD generator
with and without energy extraction were made on a fully instru-
mented test bench. Measurements of the overall efflciency of
the generator including frictional losses were made and are re-
ported herein. The kinetic to electric power conversion effi-
ciency of the generator itself was as high as eighty-five percent.

Efforts were made toward designing and bullding a closed
loop system for the generator. A small compressor system for
circulating a gas in a closed loop was tested. Calculations
were made for the design of a small boller system for operating

a closed loop steam cycle at a few atmospheres pressure.

. _~—
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I I INTRODUCTION

The electrohydrodynamic process for the conversion of heat
to electrical power starts with the production of small charged
aerosol particles in a gas stream whose kinetic energy has been
obtalned from a heat reservolr. These charged aerosol particles
are then caused to do work against an opposing electric fleld
produced by the accumulation of charged particles on a sultable
collector. The kinetic energy, hence thermal energy of the gas
stream, therefore, is simply converted into usable electrical
energy. The EHD generator does not contaln any moving parts or
large, bulky magnets; thus, hlgh power to weight ratios as well
as negligible maintenance are inherent 1n the EHD generator.

l' Under the previous research contractl, the electrojet tech-
nique for the simultaneous charging and production of aerosol
particles was developed. It was with thls type of unit that the
first experimental proof of the electrohydrodynamic energy con-
version process was obtained. A net electrical power gain of a
few milliwatts was obtained.

Previously, the high voltage power supply was connected to
the corona point and the charging plate was grounded. It was
found in this case that the input current to the generator was
always greater than the output current of the unit. When the
electrical circult for the generator was modified by placing the
charging plate at high voltage, and then grounding the corona
point, the input current was greatly reduced to the point at

‘ which 1t was less than 1% of the output current. With the new

configuration, the power supply has only to provide a small amount
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of leakage current; thus, the input power 1s greatly reduced.
The maximum output obtained from a generator employlng an electro-
Jet type of aerosol production device was about 300 milliwatts.

In the early EHD generator utilizing the electrojJet concept,
the reglon between the collector and the charging plate was not
enclosed. Since the end result must be a generator which will
perform in a closed cycle system, efforts were made to enclose
this reglon. At first, hollow luycite sectlons of various shapes
were lnserted between the collector and the charging plate. Pre-
liminary experiments resulted in a thin conducting liquid film
formed by the condensatlion and deposition of the aerosol particles
upon the enclosure walls., Thls film caused current leakage be-
tween the collector and the charging plate. The lucite parts
were replaced by components made of Teflon which has anti-
wetting properties. The only effect this material had was to
change the conducting path from a continuous liquid film to a
serlies of droplets.

Measurements were made of the size of the aerosol particles
by introducing a silicone oll coated glass slide into the aerosol
stream and then photographing it. The sample droplets 1ndicated
that the average radius of the aerosol particles was about 5
microns. This large particle size may have been the principle
cause of the water deposition on the walls of the enclosure.

A study was undertaken to produce smaller aerosol particles.
One method which resulted in submicron particles was to produce

the aerosol by condensation of a saturated liquid in the throat
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of the nozzle. Thils was accomplished by injection of a small
quantity of liquld into the alr stream well upstream of the noz-
zle. In thls manner, the dlstance for evaporation of the liquld
particles and good mixing of the gas streams before the nozzle
throat 1s reached 1s sufficlent. On expanding in the nozzle,
the saturated mixture undergoes a temperature drop which causes
the mixture to become supersaturated. A corona fleld produced
between the corona polnt and the charging plate provides lons

to act as condensatlon centers for the vapor to condense upon
and charge the droplets.

On very humid days, a thin conducting liquid film formed
on the enclosure between the charging plate and the collector.
It was found that on damp days, the air contained a sufficlent
amount of molsture, even after compression, to operate the unit
without the injection of additional liquid. On extremely humid
days (with high outdoor temperatures), however, a conducting
film rapldly formed even without the injection of liquid.

A large filter containing approximately 20 pounds of silica
gel was Iinserted into the alr line at a point between the com-
pressor and the generator in order to dry the air before it en-
tered the generator. This fllter was sufficient to givehseveral
hours of dry alir for testing purposes.

The liquld was injected from a small high pressure reser-
voir, from which the flow was controlled by a fine metering
valve and measured with a small liquid flow meter. Varlous
liquids such as water, acetone, or ethyl alcohol were evalu-

ated in the dry alr tests.
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An instrumented test unit was then bullt to fully understand
the mechanism of generator operation. Instrumentation was pro-
vided for the measurement of air flow, temperature, and total and
static pressure at various stations throughout the test unit.
Rotameters installed upstream of the generator, measured the alr
flow rate. Instrument housing sections, installed in the air
line upstream and downstream of the generator, measured total
pressure, static pressure, and temperature changes across the
generator. Thus, sufficient data was obtained to analyze the
aerodynamic and thermodynamic behavior of the system.

From standard aerodynamic considerations and the data taken,
the Mach number at the throat of the nozzle was determined. The
experimental results indicated that the maximum electrical out-
put was obtained with sonic flow conditlons at the nozzle throat.
The output fell off sharply at lower Mach numbers.

A maximum net electrical power output of 2.25 watts was
obtained using a 3mm diameter nozzle under sonic conditions and
120 psig inlet pressure.

Neglecting frictional losses, the electrohydrodynamic con-
version efficiency (i.e., kinetic to electrical energy conver-
sion efficiency) was measured to be as high as 82%. The overall
cycle efficlency was less than 1% as would be expected for open
cycle testing. :

A feasibility study of series operation of the generator

was conducted with the condensation aerosol. It was found that
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aerosoi particles collected in the first stage would reevaporate
and recondense in the second stage to produce the aerosol for
this stage. Thus, 1t may be possible to design a serles genera-
tor whereby liquid injection 1s required only in the first stage.
The output of the second stage of the 2-stage generator used for
the evaluation was only a small fraction of the first stage out-
put. The large pressure drop in the first stage, which re-
sulted in a low 1lnlet pressure to the second stage, was the
principal contributing factor to the low output of the second

stage.
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II THEORETICAL ANALYSIS

List of Symbols

A

p
d(AP)

area (m®)

slippage coeffigclient
system temperature ratio
velocity of sound (m/sec)

specific heat at constant pressure (Joules/kg °K)

pressure drop due to_electrical energy conversion
(Newtons/m? ) ‘
mass density (kgs/m>)

electronic charge (coulombs)

viscosity coefficient for gas (kgs/m sec)
conversion efficiency

generator efficliency

overall efficiency

pump efficiency

enthalpy (Joules)

particle mobility (m/sec)/(volt/m)

average mean free path of gas molecules (meters)

average mean free path of gas molecules at
atmospheric pressure (meters)

mass (kg)
mass flow (kgs/sec)

aerosol concentration (particles/m3)
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number of elementary chargeg per droplet
work ratio

static pressure (Newtons/m?®)
dynamic head pressure (Newtons/m®)
total pressure (Newtons/m®)

cutput electrical power (watts)
input electrical power (watts)
system pressure ratio

radius of droplet (meters)

radius of droplet (microns)

charge density in coulombs/meter3
velocity (m/sec)

breakdown electric field (volts/m)

breakdown electric field at atmospheric
pressure (volts/m)



B. The Electrohydrodynamic Energy Conversion Process

1. Energy Conversion Analysis

The electrohydrodynamic energy conversion process 1s
the process by which charged aerosol particles are caused to do
work against an opposing electric field by means of a moving
gas stream. The charged aerosol particles are produced within
a moving gas stream whose stagnation enthalpy is:
H) = mepTy + mU%/? (1)
The charged aerosol stream then flows into a region in
which there is an opposing electric field and flow energy of
the stream 1s extracted and converted to electrical energy.
The enthalpy of the air stream after the charged aerosol par-
ticles are collected 1s:
Hp = mepTy + ng/? (2)
The enthalpy change in the gas stream 1is Just that which
goes into the electrical energy conversion.
Hp - Hy = mep(Ty - Tp) + m(vf - uB)/2 (3)
The time rate of change of energy or the power developed

with constant mass flow M 1s:
2 2
Prot = Mcp(Tl - Tp)+ M(U; - Up)/2 (4)
which 1s equal to the theoretical electrical power output of
the generator. A measurement of the ratio between the measured

electrical output power, and the enthalpy change defines the

efficiency of the process.
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2., Efficiency
a. Generator Cycle Efficiency. In a closed cycle, the

operation of the EHD generator will have to be considered as a
single component in a sequence of operations. Therefore, the
efficiency of other components in the cycle will have to be con-
sidered along with the efficiency of the generator. The overall
efficlency of the system may be separated into two portions:

1) 1Ideal cycle efficlency, ny .

2) Generator efficiency, g

The ideal cycle efficlency assumes that the generator

itself 1s 100% efficient. The product of the two gives us the

overall efficlency, noy. The efficiencies are defined as follows:

Isentropic Generator Work

Ideal Cycle Efficiency (ny) = pokgal Famp Work + Heat Added (5)

- Generator Output
Generator Efficlency (ng) = Tsentroplc Generator Work (6)

Generator Output (7)

Overall Efficlency (ming) = poes g Vork + Hest Added

Also, another parameter called Ideal Work Ratio 1is de-

fined as follows:

Ideal Work Ratio (wy) - Lsentropie Gereator Hork (8)

The 1deal work ratio should be as close to one as pos-
sible so that power losses in the system are kept small.

A schematic diagram of the closed cycle is shown in fig-
ure 1. The temperature-entropy diagram for the system is shown
in figure 2. The subscript i In figure 2 denote the values occur-

ring if the process were isentropic.
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From figure 2, we may write the ideal cycle efficiency

as:
ny = cp(TQ-T31)/(Cp(T1 - Tp) + Cp(Tg - Ty) (9)
= (T, - T3i)/(T2 - Tp)
Pump efficiency Npe may be defined in the same manner

as generator efficlency to give:

np = ep(Tyy = To)/ep(Ty - Tp) (10)

= (T11 - To)/(T1 - To)
Combining equations (10) and (9), we obtain:
ng = (1-1/8)/(1 - 1/D) (11)
Where:

B = system temperature ratilo (12)
= Ty34/To = To/T3y

T =T/

D =1+ (8-1)/ng

Equation (ll) can be plotted in terms of system pressure
ratio by simply using the relationship between system tempera-
ture ratio B, and pressure ratio o, (=P;/Pgy) for an isentropic
process:

B = m(Y - 1)/ (13)

When equation (13) 1s substituted into equation (11),
the ideal cycle efficlency ny may be plotted as a function of
temperature ratio for various values of the pressure ratio o.

This is plotted in figure 3, assuming p 1s equal to 0.8. It
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is easlly seen from the curve that the ideal cycle effiéiency ul}
decreases with heating (increased).

However, the ideal work ratio wy increases with heating:
oWy = (Tp - T34)/(Ty - Tg) = TDny/8 (14)

If our EHD generator is to be used as an auxiliary power
unit, the 1deal cycle efficlency is not of principle importance.
The 1deal work ratio 1s the parameter which governs the pump re-
quirements and this is the primary consideration in determining
the generator's limitation for this application. The pump re-
quirements decrease with increasing 1deal work ratio.

b. @Generator Efficiency. The generator efficiency, Ngs

takes into account both the frictional power losses and the elec-
trical power conversion losses. The efficlency of the conver-
sion process (i.e., kinetic to electrical energy), neglecting
frictional losses, may be determined by experimental means. For a
small percentage of energy conversion the conversion efficiency
is defined as:

ne = {Pout - Pyn)/Uphd(sp) (15)

Where (P - Py,,) 1s the net electrical power gain, U

out n

i1s the average velocity of the gas 1n the conversion region, A
is the area of the throat, and d(AP) is the total pressure drop
across the generator due to only the electrical power conversion
process. d(AP) is the so-called electrodynamic effect.

This conversion efficlency parameter is of great impor-
tance in evaluating the feasibillity of the EHD concepﬁ. Exper-

imentally, an efficiency of 85% was measured. This value
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indicated that the losses, other than aerodynamic, are small
and high generator converter efficiencies can be obtained with
a generator unit designed for minimum frictional losses.

C. Charged Aerosol Particle Formatlon

1. The Electrojet Technique

The electrojet method for the simultaneous production
and charging of aerosol particles is shown in figure 4. Liquid,
under pressure, 1s stored in a small reservolr and then fed into
the hollow needle which also serves as the corona point. An
electric fleld 1s set up in the region between the corona point
and the charging plate. A surface charge density is induced up-
on the surface of the liquid as shown in figure 4-A. The air
flow and the electric fleld cause the liquid meniscus to break
away since the droplets overcome surface tension forces, as
shown in figure 4-C. Highly charged droplets are thus formed.

Because of its high charge, the droplet breaks up during
or soon after its formation to form many smaller droplets. How-
ever, the particle size distribution is not uniform and the
larger droplets formed caused wetting of the surface enclosing
the generator.

2. Condensation Aerosol Technique

Further investigation of the surface wetting problem en-
Qountered with the electrojet technique resulted in the devel-
opment of a new method; the condensation aerosol.

In this method, small amounts of llquid are inJected

through a fine metering valve into the air stream, well upstream
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of the generator. Most of the liquid vaporizes and mixes with
the alr stream by the time it reaches the generator.

The air-vapor stream then expands through the convergent
portion of the generator. The resulting temperature drop causes
the air to approach 1ts dew point temperature, i.e., saturation
point. At the nozzle throat, a corona field 1s maintained be-
tween a corona point and the charging plate which forms the
throat of the nozzle. The lons produced by the corona discharge
serve as condensation centers for the saturated or near satu-
rated air vapor mixture. The charged aerosol particles produced
are sufficlently small so as not to cause wetting of the walls
of the enclosure between the charging plate and the collector.

D. Particle Radius as a Function of Pressure, Charge per Par-

ticle, and Critical Mobility

A theoretical analysis interrelating mobility, particle
radius, charge per particle, and pressure was made. As the
starting point, the first requirement to be met 1is the condition
for negligible slip or frictional 1loss.

a = kX/U = 0.01 (16)
This may be rewritten in the form:
k = aU/X (17)

To equation (17) is added the fact that the maximum field
strength can be taken as a linear function of pressure in the

range of consideration up to 20 atmospheres.
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X =XpPy (18)
When equation (18) is combined with equation (19), we obtain:
k = aU/XyPy . (19)

We know that at one atmosphere k = kA, so that for the case

of sonic velocity U = C, at constant temperature we obtain:

ky = aC/Xp (20)

k = aC/XAPA

k =ky/P, (21)
The mobllity equation is:

k = (Ne/6mnr)(1 + 0.87)\/r) (22)

The equation for mean free path as a function of pressure 1is:
A= XAPA (23)
where xA i1s the mean free path at one atmosphere.

Combining equations (21), (22), and (23), we then solve for

r

[xA(o.e7)NPA/hY][1 +/1 + BY/NPAE] (24)

Y = (.3)(0.87)nk A n/e (25)

We now evaluate Y, assuming n 1s constant with pressure:
e =1.6 x 10722 coulombs
= 10-6 m® /volt-sec for 1% slip at 1 atmosphere pressure

~
|

Ay = 6.5 x 10°8 meters at 1 atmosphere
n ™2,5x 10°5 kg/m.sec. units at 1 atmosphere

These values substituted into (25) yileld:
Y = 83.2



Substituting this value into equation (24) we obtain as a

final result for our analysis:

r =1.7 x 10'10NPA(1 + /1 + GEE/P ) (26)
or
r, = 1.7 x 107N (1 + /1 + 666/F,3)

Equation (26) is presented graphically in figure 5 for vari-
ous values of N. By using equation (26) and the equations of
mass continulty and current, we can determine the average radius,
particle concentration, and the average charge per droplet. The

equatlions for mass contlnulty and current are:
Myq= n(4/3)mr38)4AU (27)
I = pAU = nNqAU (28)
Since I, A, U, wliq’andPA may be experimentally measured, we
then have three equations in three unknowns, r, n, N. wliq is
the mass flow of the liquld injected into the air stream, and n
1s the particle concentration per unit volume.

E. Closed Cycle Design Studies

1. Alir Compressor Cycle

A schematic dlagram of an air compressor loop 1s shohn
in figure 6. The following conditions are fixed:
a. The area of the throat should be 1 square inch.
b. The static pressure at the throat should bé 100 psiea.
¢. The air velocity at the throat should be sonic.
The mass flow through the system will now be calculated as-

suming an inlet temperature to the nozzle of 100° F.
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6*A*U*
P*/RT*
.83T

3 0
/Y&RT,

.53PO

(29)
(30)
(31)
(32)
(33)

where the subscript (*) refers to the conditions at the noz-

zle throat and the subscript (0O) refers to those at the nozzle

inlet.

The symbols used are as follows:

8

=2 a w93

The values of the constants used in these equations are:

Using the values (34), the results obtained are:

density

total temperature

statlic pressure

veloclity

welght flow of air

the area

100°F = 560°R

100 psia = 14,400 psfa
.007 ft?

1.4

189 psia = 1.33 x 10° Newtons/m?
U66°R = -14.4°C

.58 1b/£t3 = 9.28 keg/m>

4,25 1b/sec = 1.85 kg/sec

(34)

(35)
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Table I

OPERATING CONDITIONS FOR CLOSED CYCLE AIR
COMPRESSOR SYSTEM

Nozzle Throat Diameter (mm) 28.7
Throat area (mm®) 645
Mach No. at Throat 1
Static Pressure at Throat (psia) 100
Total Pressure at Inlet (psia) 189
Mass Flow (kg/min) 111
Throat Temperature (°C) -14.4

Estimates3 were made of the pressure drops which would be

encountered throughout the system as follows:

a. Nozzle: zero electric load 16-26 psi
full electric load 90 psi
b. Plpe: 3 in. dliameter 5 psi
6 in. diameter 0.6 psi

The estimate of the pressure drop with full electric load
is based on the fact that with a static pressure of 100 psia at
the throat of the nozzle, the dynamlic head pressure would be
90 psla:

Ppy. = Pp(1/.53 - 1) (37)

This assumes that the gas will have zero veloclty when 1t
leaves the generator and that almost all of the energy of the
gas stream has been converted to electrical energy while the
remaining energy 1s consumed by frictional losses. This would

mean an extraction of almost 100 kilowatts from the gas stream.
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The compressor requlrements are therefore:

Inlet pressure ~ 100 psia
Outlet pressure ~ 200 psia
Weight flow = 4,25 1b/sec

A 150-horsepower compressor would meet these requirements.

2. Steam Boller Cycle

An alternate design study was mad:c of a small closed
loop one-component steam cycle. The design parameters fixed
for thils study are as follows:

a. sonic flow at throat

b. throat diameter: 2-3mm

c. nozzle throat static pressure: 35-65 psia

z . d. saturated steam to exist only at the throat

The system 1s shown in figure 7. The steam 1s superheated
after leaving the boller so that condensation occurs only as
the steam undergoes a temperature drop as 1t goes through the
converging nozzle leading to the charging region of the genera-
tor. A single component charged aerosol stream may be formed
in this manner since the ions emltted by the corona field 1in
the charging region serve as condensation centers for the satu-
rated vapor.

The flow requirements for the steam cycle may be calculated

from equations (29) and (32):

M, = 6,40, (29)
U* = /Y& HI* (32)

& oy
- Y
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where 6, and T, are obtailned from the tables for saturated
steam at the nozzle throat pressure specified. The value of
the gas constant R for steam is 82.2 ft/lb °R. The inlet pres-
sure may be calculated by the equation
Py = .545 B (37)
The operating conditions for two typical cases are shown

i1n table II.

Table II

OPERATING CONDITTONS FOR CLOSED CYCLE
STEAM OPERATION

Nozzle Throat Diameter (mm) 2 3
Throat Area (mm®) 3.14 7.08
Mach No. at Throat 1 1
Static Pressure at Throat (psia) 34.7 64.7
Total Pressure at Inlet (psia) 63.6 111.9
Mass Flow (kg/min) 0.125 0.5
Boller Power Requirements [kw) 4.5 17.7
Saturation Temperature at (°C) 126 147
Inlet Pressure
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IIT EXPERIMENTAL INVESTIGATION

A. Instrumentation

An instrumented test bench was deslgned and constructed to
measure the temperature, pressure, flow, and electrical para-
meters required for generator performance evaluation. A sche-
matic of the instrument setup is shown in filgure 8. The instru-
mentation employed are listed in table (A-1) of the appendix.
Thelr functions are explained below:

1. Flow Instrumentation

Three rotameter type flowmeters4 were used for the
measurement of alr flow through the generator. The ranges cov-
ered were 1.4 - 17.5 scfm, 3.5 - 44.8 scfm, and 8.5 - 100 scfm.
Several small liquid rotameters were used to measure aerosol
liquid flow.

2. Pressure Instrumentation

A large pressure lnstrumentation panel 4 was constructed
which housed ten pressure gauges of various ranges. These gauges
were connected to pressure probes located at various polints 1in
the system. .

Seven manometers ranging in height from 36 to 110 inches
were used to measure differentlal pressure at varlous points 1n
the system. These manometers were charged with elither mercury

or water depending on the pressure range to be covered.
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3. Electrical Instrumentation

An electrical instrumentation panelj4 was set up to house
the equipment used for measuring the electrical input and output
of the generator. Thls equlipment included two electrostatic volt-
meters covering the range from 0-50 kilovolts and 0-30 kilovolts,
a reslstance type kilovoltmeter covering the 0-30 range, and
ultra-sensitive micrometers which were used for making current
measurements,

4, Temperature Measurements

Temperatures were measured by means of precision labora-
tory grade thermometers.

Two sectlons were constructed with adapters to house the
pressure probes and thermometers. These sectlons were inserted
in the air 1line at the inlet and discharge of the generator,.

B, Electrojet Studies

1. Reduction of Input Electrical Power Requirements

In the previous studies made of the electrojet method of
producing charged aerosol particle streams, the charging current
was always greater than the collected current. Means were sought
of reducing the current loss so that the output current would
equal input current.

This problem was solved by changing the cilrcultry of the
charging system. Previously, the needle was placed at high volt-
age, while the charging plate was grounded (see figure 9-A). 1In
the revised arranéement shown in figure 9-B, the needle was

grounded and the charging plate was placed at high voltage.
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In this manner, the input current was reduced to the polnt at
which it was only the value of the leakage current, which was
only a small percentage of the output current. The input elec-
trical power requirements to the generator are correspondingly
decreased. With proper design, the leakage current may even-
tually be reduced to a value such that the charging supply will
act only as a blas supply.

2. Enclosure of the Conversion Region

In the early electrojet generator tests, the region be-
tween the charging plate and the collector was not enclosed.

An early electrojet type of unit with an open conversion region
is 1llustrated in figure 10,

Subsequent to the evaluation of this design, a new test
generator unit with an enclosed conversion sectlon was designed.
This unit i1s shown in figure 11. Initial tests showed the dep-
osition of a thin conducting film of aerosol liqulid upon the
walls enclosing the conversion region. This film caused current
leakage between the charging plate and the collector. Various
shapes were trled for the bore of the enclosing section in order
to eliminate film formation. These efforts, however, were all
unsuccessful. Efforts were made to break up the film layer by
bypassing a portion of the air flow entering the nozzle and in-
Jecting it Into the conversion region, and by replacing the
lucite parts with teflon which has antiwetting properties. This

work was also unsuccessful.



L AR

Electrojet aerosol partlicle slze was measured to deter-

mine whether the existence of large droplets was contributing
to the deposltion problem. This was done by coating a small
glass slide with a light sllicone oil and inserting the slide
into the conversion region to collect a sample of the aerosol.
The slide was examined under a microscope and 1its size was de-
termined by comparison with a reference scale. A microphoto-
graph was made of the sample. The time between collecting and
photographing the droplets was recorded. Then, by determining
the coagulation rate from known equations, the mean size could
be calculated. The average dlameter of the particles Just after
collection was found to be under one micron. However, there
was a wilde size distribution and partlcles as large as five
microns 1n dlameter were present in every test made. These large
particles were the principle cause of the thin film deposition.

3. Experimental Results with the ElectroJet type of EHD

Generator

A thorough study1 of the electrojet type of generator
was performed under the previous contract. The maximum output
obtalned in this study of the electrojet generator was about
.30 watt. The performance parameter of this test point is sum-

marized in table III.
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Table III
TYPICAL OPERATING CONDITIONS FOR AN ELECTROJET
TYPE OF EHD GENERATOR

Nozzle Throat Diameter (mm) 3
Throat Area (mm°) ‘ 7.08
Total Pressure at Inlet (psia) 114.7
Input Voltage (kv) 3.0
Input Current (microamperes) 8.0
Input Power (watts) .024
Output Voltage (kv) 12.5
Output Current (microamperes) o4
Output Power (watts) .300
Net Electrical Power Output (watts) .276
Power Density (watts/m?) 39, 000

WW&»"‘?;‘”‘"“» C

C. Condensation Aerosol Unit Studles

1. Production of Charged Aerosol Particles

\ In order to obtalin aerosol particles smaller than those
produced by means of the electrojet method, aerosol particles
were produced by condensation of the vapor in the alr stream.
T@e liqulid for the aerosol was iInjected into the air stream
upstream of the generator by means of a small atomizer connected
into the air line. An electrojet type of unit, with 1ts liquld
feed system disconnected, and the hollow needle replaced by a
tungsten wire, was used to provide the corona discharge for the

new condensation aerosol generator. The unit tested initilally

1s shown 1n figure 12,
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Operation with this unit also resulted in the formation
of a thin conducting film after a few minutes of operation.
Eventually an excess of liquid was being inJected into the air
stream, and, as a result, a small fine metering valve was 1n-
stalled between the outlet of the atomlzer and the inJjection
polnt in the alr stream. Even with the valve completely closed
off (no liquid injection), the thin conducting film was formed.
Apparently the water vapor present in the ambient alr provided
a sufficlent quantlty of condensed aerosol,.

A large silica gel dryer was placed in the alr line up-
stream of the generator to dry the compressed alr. Twenty
pounds of sllica gel were sufficient to permit operation of the
generator for several hours without interference of film forma-
tion.

Attempts were made to measure the slze of the,particles
produced'by the condensation aerosol process. The particles
were too small to be measured using the sampling process de-
scribed for the electrojet generator. Light scattering tech-
nigques were also lneffectual since the particles were apparently
less than 0.2 micron in diameter which 1s below the slze 1limit
of this method. Evidently, the particles produced by the con-
densation technlique were less than one fifteenth of the diameter
of those produced‘by the electrojet method. Evidence that
particles were formed was obtalned by noting that when the silica
gel was first inserted into the air line, operation of the gener-

ator was not possible unless some 1ligqulid was injected to the line.
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2. Electrical Performance

An experimental study of the effect of generator inlet
pressure upon the electrical performance of a condensation
aerosol type of generator was made. A unit similar to that in
figure 12 with a 3mm diameter nozzle throat was used. Ethyl
alcohol was injected into the alr stream after the water vapor in
the air was removed by the silica gel filter. The results of
the tests are presented graphically in flgures 13 through 15.

A plot of input voltage vs output voltage 1s shown 1n
figure 13. The output voltage 1s shown to increase with input
voltage and operating pressure level.

The variation of input and output current with inlet
pressure for two values of input voltage are shown in figure 14,
The input current 1s seen to decrease rapidly with increasing
pressure. Below 105 psia for 4 kilovolts input voltage, the
input current 1s always greater than the output current. It can
be seen from this graph that at some critical value of pressure,
dependent upon the 1lnput voltage, the input current decreases
beiow the output current.

Plots of input electrical power and output electrical
power vs pressure are shown in figure 15. From the curves, 1t
1s easily seen that the lnput power requirements decline rapidly
with increasing pressure whlle the output power increases rapidly
with increasing inlet generator pressure in the range under con-

sideration (60 to 110 psig). For an input voltage of 4 kilovolts
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a2 net power gain 1s not obtained until the inlet static pressure
is above 73 psig.

3. Aerodynamic Behavior of the Generator

A fully instrumented condensation aerosol EHD generator
was constructed to study the aerodynamic behavior of the gen-
erator. The instrumented unit is shown schematically in figure
16.

Total pressure probes, as well as statlic pressure taps,
were placed in the inlet and the collector sections of the
generator, Instrumentation housing sections, contalning total
pressures probes and thermometers, were inserted upstream of the
fluld injection section, and downstream of the collector. Pres-
sure gauges were used to measure the statlc and total pressures
downstream and upstream of the generator. The total pressure
change between the generator inlet and the collector was mea-
sured by mercury manometers. The flow through the unit was
varled by a gate valve placed downstream of the second instru-
mentation housing section. Air flow through the unit was mea-
sured by three rotameters inserted upstream of the generator.

Mach number was determined by flow rate, total pressure,
statlc pressure, and temperature measurements at several points
throughout the system. A plot of Mach number at the entrance
to the chargling plate, vs the normalized total pressure drop
between the generator inlet and the collector section is shown
in figure 17. Station (3) refers to the collector while station

(2) refers to the nozzle inlet. As shown in figure 17, Mach

b e 30 AR A o g ¢
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number of the charging plate inlet remains constant as the
normalized pressure drop lncreases above .18. This is the point
at which choking occurs at the exit of the plate.

L, The Effect of Mach Number Upon the Electrical Perfor-

mance of the Generator

A thorough study of the effect of Mach number upon the
electrical performance was made. Whereas in previous generator
performance studles only inlet pressure was varied, downstream
pressure was varled in this test by means of a gate valve.

The condensatlion aerosol unit used in the tests de-
scribed previously was employed for this study. The inlet pres-
sure was kept fixed at 100 psig. The value of the input voltage
was set Just below the incipient breakdown voltage for the corona
point-charging plate electrode configuration.

The electrical output power as a function of the norm-
alized total pressure drop across the generator is shown in
figure 18, The maximum electrical output power as seen Irom the
curve 1s about 2.25 watts. Thils occurred for a normalized
total pressure drop of about .18 which corresponds to the nozzle
throat Jjust becomlng choked.

The conversion efficiency may now be calculated from

equation (15):

The denomlnator, which 1s the energy change of the gas

stream due to the electrical power extraction, 1s plotted in



figure 18 as the available power. The conversion efficlency as
a function of nozzle inlet Mach number and normalized pressure
drop 1s shown in figure 19.

It is apparent from figure 19 that the conversion ef-
ficlency reaches a maximum value of about 82 percent as the
nozzle throat Mach number approaches one. The conversion ef-
ficliency begins to drop off as the region downstream of the
nozzle becomes supersonic. A maximum power output of 2.25 watts
was obtalned wlth a 3mm dlameter nozzle throat. This corre-
sponds to a power density of 318,000 watts/m2 which 1s almost an
order of magnitude greater than the power density of about 39,000
watts/m2 obtalned with the electrojet generator.

The performance parameters for the maximum power out-

put test polnt are summarized in table IV.

Table IV
TYPICAL OPERATING CONDITIONS FOR A CONDENSATION AEROSOL
TYPE OF EHD GENERATOR
Nozzle Throat Diameter (mm) 3
Throat Area (mm?) . 7.08
Total Pressure at Inlet (psia) 114.7
Total Pressure at Collector (psia) 74.7
Input Voltage (kv) 7.54
Input Current (microamperes) 6.0
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Table IV (Cont'd)
TYPICAL OPERATING CONDITIONS FOR A CONDENSATION AEROSOL
TYPE OF EHD GENERATOR

Input Power (watts) .045
Output Voltage (kv) 35.9
Output Current (microamperes) 62
Output Power (watts) 2.25
Net Electrical Power Output (watts) 2.18
Power Density (watts/m2) 310,000

5. Serles Operation of Condensation Aerosol Type Generator

Two condensation aerosol generators were operated in
series to test the feaslbllity of serles operation. The system
is shown schematically in figure 20, As shown in figure 20, a
portion of the flow through the first unlit had to be diverted
from the second unit. Thils had to be done since the flow re-
quirement for sonic operation is much greater for the first
generator due to its hlgher operating pressure level., In future
designs the flow whlch will be bled off from the first unit will
pass through a second unit in parallel with the second gener-
ator arranged in series. Fluld was injected only upstream of
the first unit. After the aerosocl particles deposited thelr
charges in the collector of the first unlt, they re-evaporated
in the alr stream and were avallable for condensation of the
second unit, A capacltor placed across a portion of the load
resistance of the flrst unlt provided the charging voltage for

the second unit.
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The output of the second unit was somewhat smaller than
the first due to the decreased flow and inlet pressure level.
Using the output voltage of the first unit as a ground for the
tecond unit, a total output voltage of about 50 kilovolts was
obtained. No further tests with the serles units were per-
formed since the prime emphasis must be given to optimizing the
first generator stage before generator series staging can be
thoroughly evaluated. The success of the two serlies units makes
possible maximum utilization of the available gas stream power.

D. Closed Cycle Air Compressor System

A one-horsepower refrigeration unit was purchased to be
used as a test vehicle for a compressed air closed cycle system
The unit as purchased i1s shown in figure 21. Appropriate valves
and pressure gauges were installed in the system to modify it
for our purposes. A section of clear luclte in the shape of a
small nozzle was placed In the system to observe the flow
through 1t. An orifice plate type flow meter was used to mea-
sure the flow.

Upon initial testing of the system, 1t was found that oil
from the compressor was contaminating the alr stream. Several
01l separators had to be installed to remove the oil.

The surge tank in exlstence on the system did hot damp out
the pressure oscillations caused by the compressor. A larger
surge tank used 1n place of the smaller one, effectively damp-

ened out the pressure oscillations.
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A bypass line was inserted to allow some of the warm alr
from the compressor to bypass the cooler and enable variation of
the alr temperature entering the generator. The system as 1t
finally evolved is shown in filgure 22.

The hlgh pressure drops encountered throughout the system
resulted 1n a very low inlet pressure to the lucite nozzle sim-
ulating the generator. Considering the pressure losses and the
low flow capacity of the system, the output electrical power
would be too low to serve as an experimental unit. For these
reasons, the proJject of bullding a small closed loop was aban-
doned for the present.

A design study of a larger closed loop was made and the re-

sults are presented in table I of this report.
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IV CONCLUSIONS

The development of a charged aerosol electric generator has
progressed from a unit which demonstrated the EHD conversion con-
cept, to an evaluated system capable of assembly into a complete
thermodynamic cycle. In order to reach this stage, many instru-
mentation, technical, and design problems had to be investigated
and solved.

A. Enclosing the Conversion Section

Previously developed electrojJet technlques produced a uniform
sized aerosol. However, the particle size Increased rapidly aft-
er formation and, as a result, a wide range of particle size dis-
tribution was obtained with a measured mean radius of approxi-
mately 5 microns. These large droplets condensed on the walls of
an enclosed conversion section and produced a leakage path be-
tween the charging plate and the high voltage collector. Several
unsuccessful trials were made to prevent the formation of this
leakage path by using different wall materials. It was filnally
decided to abandon the electrojet method of producing the aerosol
in favor of forming the water particles by condensation of the
water vapor in a saturated alr mixture. Condensation was in-
duced by expansion of the air stream in a convergent nozzle and
the condensate particles were formed and charged in a corona field
located at the nozzle throat. This condensation technique al-

lowed enclosure of the conversion region and increased the output

A R
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current by more than 300%4. However, this technique required
sonlc or near sonic conditions at the nozzle throat in order to
obtain appreclable power output levels.

B. Input Current to the Generator

The input current requirements from an external supply were
minimized by modifying the circultry. This was accomplished by
recirculating the output current from the ground end of the load
resistor. As a result the external input current was reduced to
the value of the leakage current through the charging plate.
This amounted to a few per cent of the output current.

C. Theoretical Considerations

A theoretical study of the thermodynamic variables assoclated
with the mechanics of the aerosol was made to aid in guiding our
experimental efforts. The two main objectives of the analysis
were as follows:

1. To properly define the efficiency of each phaée involved
in the conversion process. This was required in order to relate
open cycle measured values to the overall efficlency of the gen-~
erator. The result was to adopt the following definitions:

Isentropic Generator Work
Actual Pump Work + Heat Added

Ideal Cycle Efficiency ny =

Generator Output
lsentroplc Generator wWork

Generator Efficlency ng =

- - Generator Output
Overall Efficlency foy = MiMg = xotuaT Pump Work + Jeat Added

S ———
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Using these definitions (see figure 3), it was concluded
that for a fixed system pressure ratio (Pp/P3),n; decreased with
increasing temperature ratio (TE/T31).

For small conversion sections and single stage operation,
the generator's efficlency, Ng» can be closely approximated by
incompressible flow analysis:

N = Power Qutput
g Flow times Pressure drop

Pressure drop 1s the sum of two terms: a frictional
pressure drop, mainly dependent on nozzle geometry and gas ve-
locity; and an electrodynamic pressure drop which is brought
about by the conversion of flow energy into electrical energy.
The electrodynamic pressure drop was used to define a conversion
efficliency, ne. Its measurement determines the efficiency of
kinetic to electrical energy conversion disregarding frictional
losses due to wall friction, or discontinuities on the nozzle
surface.

2. To study the effects of nozzle shape on generator's per-
formance. This study resulted in specifying a multislot alr-
foll nozzle as the most desirable geometry to minimize frictional
losses. The alilrfoll design, however, can only prove to be ef-
fective for large cross-sectional areas.

D. Instrumentation

A fully instrumented test stand was bullt for the measure-
ment of gas flow, velocity, pressure, and temperature. The

instrumentation for measuring operating pressure and pressure
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drop across the generator was arranged such that the pressure
drop due to wall friction and that due to electrodynamic effects
could be determined separately. The converslon effilclency, ng,
was measured at 83% for an input pressure level of 120 psig and
a 3mm nozzle throat. The maximum electrical output power for

this nozzle was 2.25 watts. The generator efficiency, » was

n

g
only about 0.1% due to high wall frictional losses, and the

presence of a flow dlscontinulty on the nozzle's wall at‘the
entrance of the conversion section.

E. Generator Staging

Experimentally, 1t was demonstrated that staging of two gen-
erators was posslble and in fact, inherent in the operation of
& generator using the condensation technique. The second stage
generator did not require elther an external voltage supply for
lonlzation, or a liquid supply to produce the aerosol's droplets.

F. Closed Cycle Studiles

Some analysis and preliminary experimentation were conducted
in order to gain familiarity with the problems assoclated with
enclosing the generator in a thermodynamic cycle. The results
were mainly helpful in estimating component sizes and are by no

meuns concluslve.

B
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V FUTURE WORK

Future work will be directed towards the construction of a
closed cycle, high voltage, high power density system. Each
component will be individually invertigated in order to evaluate
their design parameters. The cycle will operate at temperatures
higher than room temperature and the experimentation will en-
compass studies with thermal energy as the input energy to the
system. Before thls work is conducted, however, the generator
requires some further open cycle experimentation to increase
its output and efficlency. Once this 1s done, the type of cycle
and system components can be more precisely specified. An ex-
perimental airfoll type unit will be tested and the nozzle shape
will be optimlzed to eliminate surface discontinuities. The
problem of current leakage along the walls will be investigated.
It is antlclipated that by constructing a collector which does
not contact the nozzle wall, current leakage will be eliminated
leaving electric breakdown as the only limitation to output
voltage and power.

Electric breakdown in a charged aerosol 1is, for the most part,
an uninvestigated phenomena; experimental and theoretical studles
must be conducted, particularly with regard to charge density
limitations and thermodynamic effects. '

The deslign of a closed cycle will be based on the use of a
condensible fluld as the carrier gas. This fluld will be

evaporated before the generator and condensed afterwards so
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that only a small liquid pump 1is required to bring the liquid

back to the operating pressure level of the boller. Initlal test-
ing willl be performed using steam because of its simplicity in
producing and handling, and because of the large amount of data
avallable in the literature on this material. Once we are famil-
iar with the design of a closed cycle EHD system using a con-
densible carrier gas, the use of more exotic materials will be

investigated for improving system performance.

o
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DWG # 111-7-4 FIGURE 4

AEROSOL ELECTROJET DROPLET FORMATION

STAGE 1 (IDEALIZED). DROPLET SHOWN STAGE 2 (IDEALIZED) DROPLET

IN FIRST STAGE AS IT STARTS TO FORM SHOWN IN SECOND STAGE AS IT

INDICATING SURFACE CHARGING IN INCREASES IN SIZE AND IS JUST

APPLIED ELECTRIC FIELD ABOUT TORN AWAY FROM THE MAIN
BODY OF THE LIQUID, SURFACE
CHARGE IS MAINTAINED
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FIGURE 4-A FIGQURE 4-B
STAGE 3 (IDEALIZED). DROPLET SHOWN STAGE 4 (IDEALIZED).
FULLY DETACHED, CHARGED AND SHOWING SIMULTANEOUS MULTIFLE

CARRIED BY AIR STREAM CHARGED DROPLET FORMATION
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DWG # 111-7-9 FIGURE 9

GENERATOR CIRCUITRY FOR THE CORONA DISCHARGE
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WG # 111-7-10 FIGURE 10

ELECTROJET TEST GENERATOR
OPEN CONVERSION SPACE
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DWG # 111-7-13 FIGURE 13

OUTPUT VOLTAGE VERSUS INPUT VOLTAGE
AT VARIOUS ABSOLUTE PRESSURES
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DWG # 111-T7-14 FIGURE 14

OUTPUT CURRENT AND INPUT CURRENT VERSUS
INLET ABSOLUTE PRESSURE FOR TWQ DIFFERENT
VALUES OF CHARGE PLATE VOLTAGE
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DWG # 111-7-15 FIGURE 15

ELECTRICAL POWER OUTPUT VERGUS  MOZZLE IWLET PRESSURE .
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ELECTRICAL POWER QUTPUT (WATTS)
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FIGURE 18

ELECTRICAL POWER QUTPUT VERSUS
NQOZZLE PRESSURE RATIO
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CONVERSION EFFICIENCY (%)

DWG # 111-7-19 FIGURE 19

CONVERSION EFFICIENCY VERSUS NORMALIZED PRESSURE DROP

- Pout = Piq
Cc
U, Ad (AP)
£ 100
HEEH MACH 1 VELOCITY AT
G NOZZLE THROAT
1 80 &
H 60 & 3
H 40 & i
£ 20 A
.1 .2 Y
NORMALIZED PRESSURE DROP
Pyp - P
t2 3

Pt3

o e PR




AFWTIT T S A TR e s

O

QN

m

(G}

L |

(=

__TYAHdSOWLY OL c# . #
* HOLVUINTD * HOLVYANTD [ Rr Mo o

TUTH SONLY
OL QHALSNVHXT <5
MIV SSvd-id

(o]

[4Y]

]

b~

1

a

o SHOLVYANAD OMI 40 NOILVMHIJO SHTHHS

I

o

A

i s et btk S WA ok



DWG # 111-7-21 FIGURE 21
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FIGURE 22

CLOSED LOOP GENERATOR SYSTEM, SCHEMATIC
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